Introduction
Cardiovascular diseases are the leading cause of death globally and are classified in various ways. They are primarily classified based on the anatomical location as diseases of the heart and diseases of the vessels. Another classification is based on the primary involvement of atherosclerosis, such as cardiovascular diseases due to atherosclerosis and other cardiovascular disorders. In fact, atherosclerosis is responsible for more than 75 % of all deaths due to cardiovascular diseases. As noted previously, there are many risk factors associated with the development of cardiovascular diseases. These risk factors include tobacco use, hypertension, high cholesterol, obesity, physical inactivity, and an unhealthy diet. These risk factors are all closely related to the development of atherosclerosis. The growing problem of cardiovascular diseases worldwide has inspired various organizations or government agencies to take steps to control these diseases. Essentially, the key to controlling the global cardiovascular epidemic is to take actions to control the major adaptable risk factors of cardiovascular diseases. Meanwhile, many drugs have been investigated and clinically applied to prevent cardiovascular disease. However, intensive exploration of new drugs for the treatment of cardiovascular disease is ongoing, especially those drugs with multiple functions to manage the risk factors of cardiovascular disease.
Berberine (BBR) is an isoquinoline alkaloid that was originally isolated from extracts of the Chinese herb Coptis chinensis (Huang lian) . Since the late 1980s, numerous studies have reported multiple pharmacological properties of berberine, including anti-diarrheal, anti-arrhythmia, anti-hypertension, glucoseand cholesterol-lowering, and anti-tumor and immunemodulatory activities [12, 26, 27, 30, 54, 70, 83, 94, 105] . In 1989, the effects of berberine on platelet aggregation and release were reported [105] . Subsequent reports about the This article is part of the Topical Collection on Cardiovascular Pharmacology pharmacology and clinical application of berberine for its antiarrhythmic effects, as well as clinical investigations of berberine for the treatment of hypertension, were published in 1993 and 1992 [54, 70] . These studies supported the benefits of berberine for cardiovascular diseases. After the 1990s, an increasing number of papers were published to explore the therapeutic effect of berberine on cardiovascular diseases, including atherosclerosis, hypertension, myocardial infarction, cardiomyopathy, heart failure, stroke, and arrhythmias [12, 16, 50, 52, 53] .
Effect of Berberine on Atherosclerosis
Atherosclerosis is asymptomatic for decades. Signs and symptoms occur only after severe narrowing or obstruction of the blood flow to vital organs that are sufficient to induce symptoms. In general, patients discover their atherosclerosis only when they experience cardiovascular disorders such as stroke or heart attack. To date, the development of atherosclerosis is not fully understood. It predominantly affects the intimal layer of the arterial vessel wall characterized by the deposition of extracellular lipids, the proliferation and migration of local smooth muscle cells, and chronic inflammation. It leads to luminal narrowing and/or thrombus formation, resulting in clinical events such as coronary artery disease, peripheral arterial disease, or stroke. It has been confirmed that atherosclerosis is initiated by inflammatory progression in the endothelial cells associated with the collected low-density lipoprotein (LDL) particles [80] . Therefore, improving endothelial dysfunction, recuperating dyslipidemia, and blocking the inflammatory process are effective methods for blocking the progression of atherosclerosis. Since 2002, numerous studies have described the anti-atherosclerotic effect conferred by berberine in multiple phases, indicating the multiple mechanisms involved. However, anti-atherosclerotic research investigating BBR is still in the experimental stage.
Berberine Improves Endothelial Dysfunction
Endothelial dysfunction is one of the primary events in the development of atherosclerosis [59] . The correction of endothelial function is essential for the treatment of atherosclerosis. In 2002, the effects of berberine on angiotensin-converting enzyme and the NO/cGMP system in vessels were investigated. The authors reported that the treatment of intact aortic rings with berberine increased NO and cGMP production. Berberine induced relaxation in aortic rings in a dosedependent manner [36] . Thereafter, more intense studies were conducted. Current evidence indicates that berberine can protect endothelial function against hypertension, type 2 diabetes [52, 53, 82] . It has been broadly accepted that high levels of oxidative stress and reduced nitric oxide (NO) production, as two key contributors to the onset of endothelial dysfunction, may be induced by high glucose levels, inflammatory factors, and free fatty acids [93] . Our group investigated the effect of berberine on the endothelial dysfunction induced by type 2 diabetes and palmitate. We found that berberine reduced ROS production, increased endothelial nitric oxide synthase (eNOS) expression and activation, and down-regulated NOX4 expression, resulting in the generation of NO in endothelial cells exposed to palmitate [69, 93] . Wang et al. studied the effect of berberine in both cultured endothelial cells and blood vessels isolated from rat aorta. They reported that berberine enhanced the phosphorylation of eNOS in a dose-dependent manner. Berberine also attenuated high glucose-induced generation of reactive oxygen species, cellular apoptosis, nuclear factor-kappa B activation, and the expression of adhesion molecules, thus suppressing monocyte attachment to endothelial cells. Our studies indicated that the effect of berberine on the phosphorylation of eNOS might be due to the activation of adenosine monophosphate-activated protein kinase (AMPK). The authors demonstrated that pharmacological inhibition of AMPK or adenovirus-mediated overexpression of a dominant-negative version of AMPK could abolish the beneficial effects of berberine on the endothelium [75, 93] . AMPK activation induced by berberine might be the key to improving endothelial function under diabetes conditions. Furthermore, it has been reported that berberine can improve endothelial cell functions by inhibiting the expression and secretion of monocyte chemoattractant protein (MCP-1) and vascular cell adhesion molecule-1 (VCAM-1) and by reducing MCP-1 receptor expression in monocytes, resulting in reduced adhesion of monocytes to endothelial cells [41, 81] .
In addition to endothelial cells themselves, circulating endothelial progenitor cells (EPCs) also play an important role in the maintenance of normal endothelial cell function. Xu et al. reported that berberine increased the number of EPCs in healthy subjects after administration for 1 month; it also improved the small artery elasticity index, which is a marker of endothelial function [83] . Furthermore, Xiao et al. reported that berberine could increase the protein expression of PI3K, p-Akt, eNOS, and p-eNOS, thus improving the proliferation of TNF-α-inhibited EPCs. This beneficial effect of berberine could be attenuated by the blockade of PI3K and eNOS. This study indicated that the proliferation of EPCs may be reduced in response to high levels of inflammatory cytokine stimulation and that berberine improves the proliferation of EPCs exposed to an inflammatory stimulus [82] .
Berberine Inhibits Dyslipidemia
Collected LDL particles are the other critical pathogenic factors related to atherosclerosis. This accumulation may be a cause, an effect, or both of inflammatory enlargement. Normally, LDL particles carry 3000 to 6000 fat molecules, including cholesterol, phospholipids, cholesteryl esters, triglycerides, and all other fats [80] . Lipoprotein has been proposed to be central to atherogenesis. Once inside the vessel wall, LDL particles can become more prone to oxidation. Pathophysiological oxidation occurs after the accumulation of lipoproteins in vessels. After lipid oxidation, endothelial cells attract monocytes and induce their transformation into macrophages. The macrophages ingest the oxidized LDL particles, triggering a cascade of immune responses. The macrophages absorb the oxidized LDL particles and develop into specialized foam cells. If these foam cells are not recruiting HDL particles to remove fats, they will grow and ultimately rupture, releasing cellular membrane fragments, oxidized substances, and fats, attracting more white blood cells and resulting in a vicious cycle [59, 80] . Current evidence suggests that improving the lipid profile in the development of atherosclerosis could be of interest due to the involvement of lipids specifically LDLs.
Berberine exerts a protective role in atherosclerosis that is related to its cholesterol-lowering activity. It has been shown to have lipid-lowering properties in animals and in hyperlipidemic subjects. In hypercholesterolemic subjects in China, BBR significantly reduced the serum level of TC, triglycerides, and LDL-C and significantly increased the HDL-C levels [42] . Another study reported that oral administration of berberine hydrochloride (0.5 g b.i.d.) for 3 months reduced LDL cholesterol without any effect on high-density lipoprotein cholesterol in hypercholesterolemic subjects in Australia [17] . The beneficial effects of berberine on cholesterol reduction were also observed in hypercholesterolemic European patients [3] . A meta-analysis conducted in 2013 confirmed a significant reduction in total cholesterol, triglycerides, and LDL cholesterol levels and a small but significant increase in HDL cholesterol after berberine treatment in 11 randomized controlled studies involving 874 Chinese participants affected by hyperlipidemia, T2DM, or both diseases [18] . Another meta-analysis based on 27 randomized controlled clinical trials including 2569 patients reported that berberine with lifestyle intervention was better than lifestyle intervention alone and that berberine with oral lipid-lowering drugs was better than lipid-lowering drugs alone in reducing the level of TC and LDL-C and raising the level of HDL-C [43] . Studies examining the cholesterol-lowering effect of berberine in animal models have further examined the mechanism underlying this effect. Notably, the mechanism was shown to differ from that of statins.
The LDL receptor (LDLR) is a cell-surface receptor that can be pinched off to form clathrin-coated vesicles. When LDLR binds to LDL-cholesterol, it is internalized via endocytosis and prevents LDL from diffusing around the membrane surface. This endocytosis occurs mainly in the liver to remove more than 70 % of the LDL from the circulation [57] . Proprotein convertase subtilisin/kexin type 9 (PCSK9) is critically important in the regulation of LDL receptor-mediated metabolism of cholesterol. Inhibitors of PCSK9 have been extensively studied. The effectiveness of the PCSK9 inhibitor in reducing levels of LDL-cholesterol and the primary indication of PCSK9 inhibitor in cardiovascular disease intervention suggest that the PCSK9 inhibitor can be used in patients with hypercholesterolemia with statin intolerance. It has been recommended that PCSK9 inhibitors be used for patients who do not respond to statins [40, 56] . A previous study reported that treatment of hyperlipidemic hamsters with BBR reduced serum cholesterol and LDL-cholesterol and increased mRNA and protein levels of hepatic LDLR [42] . Furthermore, a study conducted by Li's group has demonstrated that berberine upregulates LDLR expression via a post-transcriptional mechanism of mRNA stabilization [1, 2, 45] . Interestingly, Cameron et al. reported that BBR also exerts inhibitory effects on the expression of PCSK9 protein and mRNA in HepG2 cells [8] . Current evidence indicates that berberine could have dual actions on LDLR metabolism by prolonging its mRNA half-life and directly increasing protein abundance through the blockade of PCSK9-mediated degradation. Therefore, Li's group further explored the molecular mechanisms of this interesting discovery. They described the first example of SREBP pairing with HNF1 to control an important regulatory pathway in cholesterol homeostasis. They also demonstrated that a coordinated modest reduction of HNF1α and nuclear SREBP2 by BBR might be the reason for strong suppression of PCSK9 transcription [46] . However, another study reported that berberine enhanced circulating PCSK9 concentrations through the SREBP-2 pathway in high fat diet-fed rats [35] . Therefore, a detailed investigation of the molecular mechanism of berberine in the treatment of dyslipidemia is still needed. Furthermore, accumulating evidence indicated that gut microbiota impacted the adipose tissue and liver fat storage, fat liver metabolism, atherosclerosis, and cardiovascular diseases (CVD) [6] . Berberine, as an oral drug to treat gastroenteritis and secretary diarrhea, was poorly absorbed. It has been pointed out that the multiple therapeutic effect of berberine might be closely correlated to its modulatory effect on gut microbiota [20, 96, 97] . Zhang et al. reported that the prevention of obesity and insulin resistance by berberine in HFD-fed rats is partially mediated by structural modulation of the gut microbiota [96, 97] . Although, many mechanisms of berberine on regulation the lipid homestasis have been reported, more effort is still needed for using berberine as an antidyslipidemia drug in clinic.
Other Effects of Berberine on Atherosclerosis
In addition to improving endothelial dysfunction and correcting the lipid profile, several other atheroprotective effects of berberine have been described, including antiinflammatory and antioxidant properties, as well as the inhibition of vascular smooth muscle cell proliferation. Berberine has been shown to inhibit angiotensin II and heparin-binding epidermal growth factor-induced vascular smooth muscle cell proliferation and migration [44] . Moreover, berberine induces endothelium-dependent vasorelaxation and enhances endothelium-independent vascular smooth muscle cell (VSMC) dilatation through a partial reduction of oxidative stress [75] . The anti-inflammatory effects of berberine are currently being extensively investigated. Because inflammation is one of the key factors in the development of atherosclerosis, the anti-inflammatory effect of berberine has been observed under atherosclerotic conditions. Zimetti et al. demonstrated a double protective effect of berberine on cholesterol homeostasis underlying foam cell formation and on the inflammatory phenotype in mouse and human macrophages [108] . Matrix metalloproteinases (MMPs) and extracellular matrix metalloproteinase inducer (EMMPRIN) overproduced by monocytes/ macrophages can degrade the extracellular matrix, in turn leading to atherosclerotic plaque rupture. Berberine reduces MMP-9 and EMMPRIN expression by suppressing activation of the p38 pathway in PMA-induced macrophages, supporting a potential role of berberine in stabilizing atherosclerotic plaques [33] . Furthermore, as the typical target of berberine in cells, AMPK is also involved in the molecular mechanism underlying the anti-inflammatory effects of berberine. It has been reported that berberine represses proinflammatory responses through AMPK activation in macrophages. Berberine treatment significantly decreases the expression of TNF-α, IL-1β, IL-6, iNOS, and MCP-1 in adipose tissue of obese db/db mice [34] . Meanwhile, BBR also inhibits LPSinduced expression of proinflammatory genes, including IL1beta, IL-6, iNOS, MCP-1, COX-2, and matrix metalloprotease-9, in peritoneal macrophages and RAW 264.7 cells [34] . In response to various proinflammatory signals, including LPS, free fatty acids, and hydrogen peroxide, BBR suppresses the phosphorylation of MAPKs, such as p38, ERK, and JNK, as well as the level of reactive oxygen species in macrophages. Moreover, these inhibitory effects of BBR on proinflammatory responses are abolished by AMPK inhibition via either compound C, an AMPK inhibitor, or dominant-negative AMPK, implying that BBR would downregulate proinflammatory responses in macrophages via AMPK stimulation [34] . In another study, apoE (−/−) and apoE
(−/−) mice were used. The authors found that administration of berberine significantly reduced aortic lesions, markedly reduced oxidative stress and expression of adhesion molecules in the aorta, and increased UCP2 levels in apoE (−/−) mice. In contrast, in apoE
mice, berberine had a reduced effect on these parameters. These findings indicated that berberine could reduce oxidative stress and vascular inflammation, ultimately suppressing atherogenesis through stimulation of AMPK-dependent UCP2 expression [74] . Although most evidence supports the antiatherosclerotic effect of berberine, another study reported that berberine induced in vivo foam cell formation and promoted atherosclerosis development in apoE (−/−) mice. This promotion of foam cell formation might counterbalance the beneficial effect of berberine on serum cholesterol [48] . Considering all of this evidence, berberine administration might be a potential therapeutic approach for the treatment of atherosclerosis. Well-designed randomized controlled trials to test the safety and efficacy of BBR are still needed.
Effect of Berberine on Hypertension
Hypertension is the most common chronic medical problem and the most important preventable risk factor for premature death worldwide. Hypertension increases the risk of ischemic heart disease, strokes, peripheral vascular disease, heart failure, and other cardiovascular diseases if not detected early and treated appropriately. Lowering blood pressure significantly reduces the risk of death due to heart diseases and stroke. In 1993, the first clinical study demonstrated the beneficial effect of berberine on the treatment of hypertension in 42 cases [70] . Later, numerous clinical and preclinical studies were conducted to explore the anti-hypertensive effects and mechanisms of berberine [19, 32, 43, 47, 51, 52, 64, 70, 71, 100] . A current clinical study described the renoprotective effects of berberine for hypertensive patients with type 2 diabetes mellitus based on alteration of biochemical markers and color Doppler ultrasonography [32] . Meanwhile, a recent meta-analysis emphasized the role of berberine in the treatment of hypertension. The efficacy and safety of berberine in the treatment of type 2 diabetes mellitus, hyperlipidemia, and hypertension were assessed by conducting a meta-analysis of the available clinical data. The authors calculated the data from 27 randomized controlled clinical trials. They stated that berberine combined with lifestyle intervention tended to lower blood pressure more than lifestyle intervention alone, and the same occurred when berberine was combined with oral anti-hypertensive drugs [43] .
Although clinical and experimental studies have suggested anti-hypertensive properties of berberine and its derivatives, the mechanism underlying the modulatory effects of berberine on hypertension is still under intense investigation. Activation of endoplasmic reticulum (ER) stress in endothelial cells provokes oxidative stress and results in cell death, which has been shown to be involved in the pathogenesis of hypertension. Liu et al. have reported that berberine reduces endotheliumdependent contractions by activating AMPK, thus inhibiting ER stress and subsequently scavenging ROS and leading to COX-2 down-regulation in SHR carotid arteries [52] . Guo et al. observed the effects of berberine on the reninangiotensin system (RAS) and proinflammatory cytokines, as well as its effects on blood pressure and renal damage in spontaneously hypertensive rats. The authors showed that berberine delayed the onset of hypertension and attenuated the severity of hypertension, and it also inhibited the pathophysiology of hypertension by activating RAS and decreasing the production of the proinflammatory cytokines IL-6, IL-17, and IL-23 [19] .
It is broadly acknowledged that vascular stiffness is closely associated with an elevated vascular tone. VSMC contraction is the main cause of vascular stiffness, which is predominantly regulated by myosin light chain (MLC). The Ca 2+ influx triggered by cell depolarization increases the cytoplasmic free Ca 2+ concentration, which promotes the phosphorylation of MLC. Therefore, calcium channel blocker is a first-line treatment for hypertension. Transient receptor potential vanilloid 4 (TRPV4) is a Ca 2+ -permeable cation channel, which was initially recognized as a transducer of hypotonic stimuli [68] . A recent study indicated that berberine induces direct vasorelaxation to lower blood pressure and also reduces vascular stiffness in aged mice [71] . The report provided the first proof that administration of berberine in vivo lowers high BP in deoxycorticosterone acetate-induced hypertensive mice and reduces vascular stiffness in aged ApoE-KO mice. These effects of berberine are instinctively induced by the suppression of TRPV4, decreased intracellular calcium levels, decreased MLC phosphorylation, and consequent relaxation of VSMCs. Berberine might function as a calcium channel blocker to decrease high blood pressure and vascular stiffness [71] . Meanwhile, in addition to the calcium channel, the potassium channel has been shown to contribute to the vasodilation effect of berberine because K + channel blockers significantly attenuate berberine-induced vasodilatation in endotheliumdenuded arteries [78] . This evidence might provide clues to exploring the effects of berberine on the K + channel in VSMCs in future studies.
Effect of Berberine on Heart Failure
Heart failure is a common clinical syndrome representing the end stage of different cardiac diseases. It is a serious condition and there is currently no cure. Any structural or functional cardiac disorder could result in impairment of the ability of the ventricle to fill with or eject blood.
As early as 1988, a clinical study reported the protective effect of berberine in patients with severe congestive heart failure. Twelve patients with refractory congestive heart failure were studied before and during berberine intravenous infusion. The authors reported that berberine intravenous infusion at dosages of 0.2 mg/kg per min decreased systemic and pulmonary vascular resistance, as well as right atrium and left ventricular end-diastolic pressures. It also increased the cardiac index, stroke index, and LV ejection fraction measured by contrast angiography. Furthermore, this treatment led to increases in hemodynamic and echocardiographic indices of LV performance: peak measured velocity of shortening, peak shortening velocity at zero load, percent fractional shortening, and the mean velocity of circumferential fiber shortening. Finally, it led to decreases in arteriovenous oxygen differences without changes in total body oxygen uptake, arterial oxygen tension, or hemoglobin dissociation properties [55] .
In 2003, a randomized clinical trial assessed the efficacy and safety of berberine in 156 patients with chronic congestive heart failure. Seventy-nine patients were also given berberine at a rate of 1.2 to 2.0 g/day. The remaining 77 patients were given placebo. The berberine-treated group showed significantly greater increases in the left ventricular ejection fraction and exercise capacity, as well as significant improvements on the dyspnea-fatigue index and decreased rates of ventricular premature complexes. Additionally, mortality was significantly decreased during long-term follow-up. Neither proarrhythmia nor apparent side effects were observed [92] , confirming the results of a previous study showing that berberine improved quality of life and decreased mortality in patients with congestive heart failure.
Cardiac hypertrophy is a maladaptive change in response to pressure overload and is considered a critical intermediate step toward heart failure. Many signaling pathways have been confirmed to be involved in the induction and progression of pathological hypertrophy. P21-activated kinase-1 (Pak1) is a member of a serine/threonine protein kinase family, which is essential for adaptive physiological cardiac remodeling. Pak1 is critical in the development of adrenergic and hypertrophic cardiac problems; its roles in maintaining ventricular Ca 2+ homeostasis and electrophysiological stability under physiological, β-adrenergic and hypertrophic stress conditions have also been explored [37] . F-box only protein 32 (FBXO32) acts as a cardiac ubiquitin ligase. A recent study indicated that FBXO32 is a candidate gene for recessive dilated cardiomyopathy. Mutated FBXO32 can perturb the degradation of target proteins in the UPS; impairment of the UPS has been observed in cardiomyopathy [4] . A recent study reported that Smad3 and FBXO32 might be novel downstream components of the Pak1-dependent signaling pathway for the suppression of hypertrophy, and berberine ameliorated hypertrophic remodeling in cardiac-deficient Pak1 mice under pressure overload via upregulation of FBXO32 [67] . Furthermore, another study investigated the beneficial effect of berberine on the development of diastolic heart failure by incomplete ligation of the abdominal aorta. Berberine administered at 63 mg/kg/d can decrease LEVDP, improve (−dp/dt max ), decurtate left ventricular relax time constant quantity and decrease [Ca 2+ ] i levels in a dose-dependent manner [98] . Additionally, in transverse aortic contraction (TAC) surgery-induced cardiac hypertrophy, berberine could attenuate left ventricular remodeling and cardiomyocyte apoptosis through an autophagydependent mechanism in a rat model of cardiac hypertrophy, which is at least partially associated with enhanced autophagy, through inhibition of mTOR, p38, and ERK1/2 MAPK signaling pathways.
Based on current evidence, it can be concluded that berberine has beneficial effects on heart failure and that multiple pharmacological activities are involved. The mechanisms underlying these beneficial effects still need to be elucidated. Such findings are essential for managing the clinical application of berberine in the future.
Effect of Berberine on Myocardial Ischemia Reperfusion Injury
Ischemic heart disease is the most common cause of death in developed and developing countries. Coronary heart disease is the main cause of ischemic heart disease, which mostly includes acute myocardial infarction (MI) and ischemiareperfusion injury (IR). Myocardial reperfusion is the restoration of coronary blood flow after a period of coronary occlusion. Reperfusion is important and necessary to salvage ischemic myocardium. However, it can also cause myocardial injury. This phenomenon is known as reperfusion injury (IR) [22] . It has been demonstrated that oxidative stress, apoptosis, and inflammation are the most important mechanisms initiated during ischemia, and they continue for several hours into reperfusion [23] . The most common initial event of ischemic heart disease is the disturbance of an atherosclerotic plaque in the coronary artery, resulting in occlusion of the artery. The beneficial effect of berberine on atherosclerosis has been extensively investigated. Moreover, BBR exerts a potential protective effect against myocardial ischemia/reperfusion (MI/R) injury.
In a study published in 2003, the authors isolated cardiac myocytes from neonatal SD rats and developed hypoxia and reoxygenation cell models. It was reported that berberine could decrease the level of LDH and MDA in the supernatant and attenuate apoptosis in a dose-dependent manner [103] . Investigations then began exploring the mechanisms behind the therapeutic effect of berberine on ischemia reperfusion. It was reported that berberine could protect the heart from ischemia reperfusion via suppressing autophagy activation [32] , attenuating mitochondrial dysfunction [76] , anti-oxidative and anti-inflammatory activity [60, 91] , and by attenuating ER stress-induced apoptosis [99] . Numerous signaling pathways are involved in these processes. Huang et al. reported that berberine decreased the expression of autophagy-related proteins such as SIRT1, BNIP3, and Beclin-1, which might be correlated with diminished levels of p-AMPK and pmTORC2 (Ser2481) in H9c2 myocytes exposed to H/R by b e r b e r i n e tr e a t m e n t [ 3 2 ] . F u r t h e r m o r e , t y p i c a l mitochondrial-dependent apoptosis was observed; Wang et al. reported that berberine attenuated myocardial apoptosis and improved mitochondrial dysfunction by decreasing the expression of Bcl-2, Bax, and cytochrome c [76] . Another study investigated the effect of berberine on ER stressinduced apoptosis during the myocardial ischemia reperfusion process. BBR suppressed the phosphorylation levels of myocardial PERK and eIF2α and the expression of ATF4 and CHOP in a heart subjected to ischemia reperfusion. Pretreatment with BBR also activated the JAK2/STAT3 signaling pathway in heart tissues, and a specific JAK2/STAT3 inhibitor blocked the protective effects of berberine and the inhibition of IR-induced ER stress by berberine [99] . Moreover, it has also been reported that BBR modulates SIRT1 signaling to prevent myocardial apoptosis induced by myocardial ischemia reperfusion injury [90, 91] . Interestingly, our group found that the beneficial effect of berberine on ischemia reperfusion heart injury might occur via regulation of AMPK activity in both non-ischemic areas and risk areas of the heart. We found that berberine treatment significantly decreased the AMPK protein concentration and the ratio of ADP/ATP and AMP/ATP in areas of myocardial risk. In contrast, berberine treatment significantly increased the AMPK protein concentration and the ratio of ADP/ATP and AMP/ ATP in non-ischemic areas compared with the controls [11] .
It has been reported that diabetes increases the risk of cardiovascular diseases. Some studies also investigated the cardioprotective effect of BBR against ischemia/ reperfusion (I/R) injury under diabetic conditions, and the underlying mechanisms. In diabetic rat models, BBR protects the heart against I/R injury, improves cardiac function, and reduces myocardial apoptosis by activating AMPK and PI3K/Akt and eNOS signaling, AMPK/AKT and GSK 3β [13] . Our group found that pretreatment with berberine increased AMPK activation and AKT phosphorylation, and also reduced glycogen synthase kinase 3β (GSK3beta) activity in non-ischemic areas compared with untreated diabetic controls [10] .
Effect of Berberine on Stroke
Stroke, also defined as a cerebrovascular accident, is one of the major causes of mortality, morbidity, and long-term disability, and it is induced by either inadequate focal blood flow or hemorrhage into the brain tissue or the surrounding subarachnoid space. Like ischemic heart disease, blood flow reentry into the ischemic area is the initial intent for the treatment of cerebral ischemic injury. However, this reentry blood flow also induced remarkably damage in the brain. The current therapeutic options for the prevention and treatment of stroke comprise five fields of management, including primary prevention, recanalization and thrombolysis, neuroprotection, secondary prevention, and neurorepair.
The beneficial effect of berberine on the treatment of stroke was primarily reported in 2008. In a middle cerebral artery occlusion (MCAO) model, BBR improved neurological outcomes and reduced I/R-induced cerebral infarction 48 h after MCAO mode. The protective effect of BBR was confirmed in injured oxygen-glucose deprivation (OGD)-induced PC12 cells [106] . After the 2008 study, a series of other studies were conducted to investigate the mechanism underlying the beneficial action of berberine in the treatment of cerebral ischemia. Benasissa et al. confirmed a previous study by reporting that berberine reduced brain ischemic-hypoxic injury dosedependently in rat pups [5] . Studies on the mechanism of the beneficial effect of berberine on stroke mostly focused on its neuroprotective actions. It was reported that berberine prevents apoptosis induced by cerebral ischemia via increased phosphorylation of Akt, leading to phosphorylation of Bad and decreased cleavage of caspase-3. Additionally, the action of berberine is specific to PI3K rather than the upstream receptor tyrosine kinase [25] . Another study indicated that HIF-1 and the associated apoptotic pathway are involved in the neuroprotective effects of berberine [72] . Additionally, berberine could prevent neuron damage by up-regulating the expression of p-Akt, p-GSK 3β, p-CREB, and claudin-5, and by decreasing the nuclear accumulation of NF-kB in an ischemic brain [95] . Moreover, similar to the myocardial protective effect of berberine on ischemia reperfusion heart injury, the PI3K/AKT pathway and AMPK pathway were also involved in the neuroprotective effect of berberine on cerebral ischemia reperfusion injury [9, 15, 39, 63] .
Effect of Berberine on Arrhythmias
The human heart is an electrical organ. Cardiac arrhythmia is an abnormal rhythm of the heart caused by abnormal performance of the conduction system. The anti-arrhythmia effect of berberine was reported in 1989. The study proved that berberine prevents tachycardias and total ventricular premature beats induced by ligating the left anterior descending (LAD) coronary artery of a canine [31] . The same year, Xu et al. reported that berberine may be effective for preventing the onset of reentrant ventricular tachyarrhythmias and sudden coronary death after myocardial ischemic damage in dogs [61, 84] . The anti-arrhythmia effect of berberine has also been observed in human patients [29] . Following these studies, the mechanism underlying the anti-arrhythmia action of berberine was investigated. It was reported that the mechanisms underlying the anti-arrhythmic action of berberine may be suppression of delayed after-depolarization, partially by decreasing Na + influx [77] . The effect of berberine on inhibition of K ATP channel activation and subsequent shortening of the action potential duration and the effective refractory period might be related to its protective effect on ischemia-induced arrhythmias [78] .
The anti-arrhythmias effect of berberine has also been reported in diabetic patients subjected to ischemia heart injury. Berberine could recover arrhythmia scores and resting membrane potential by recovering the I(K1) current and current density, which was markedly decreased in the presence of myocardial infarction with or without diabetes [73] . In addition, berberine significantly shortened the prolonged QTc interval in ischemic diabetic rats, and also restored the diminished I(to) and I(Ca) current densities [72] .
Clinical Efficacy and Safety of BBR in Cardiovascular Disease
Berberine has low solubility and poor membrane permeability leading to the low bioavailability, which limited its application in clinic. We found that berberine was a very slightly soluble compound with the aqueous solubility approximately 1 g/L [101] . Others reported that berberine had extremely low absolute bioavailability less than 5 % [14] . All the evidence indicated the solubility of berberine was really poor belong to low solubility compound [7] . Therefore, currently, for the treatment of chronic disease such as cardiovascular disease and diabetes, the dose of berberine was recommended at doses of 0.2∼1.0 g/day clinically [58] . Dose forms include tablets and capsules [88] .
Numeriours clinical studies conducted to explore the efficacy of berberine in cardiovascular disease. It has been reported that berberine 1.2 to 2.0 g/day was given to 79 patients combined with conventional therapy of congestive heart failure. Quality of life was assessed after 8 weeks of treatment and during a mean 24-month follow-up. They found that berberine improved quality of life and decreased VPCs and mortality in patients with CHF [92] . Another study reported that low dose berberine (0.4 g/day) effectively improved the life quality of chronic heart failure patient combined with regular anti heart failure medications [85] .
Most recent met analysis report indicated that berberine combined with oral lipid-lowering drugs was reducing the level of TC and LDL-C, and raising the level of HDL-C and better than lipid-lowering drugs alone. And berberine treatment alone shows better effect in lowering the level of TG and raising the level of HDL-C compared to lipidlowering drug [24, 65, 79, 89, 102, 107] . As for the treatment of hypertension, berberine combined with oral antihypertension drug tended to lower the level of blood pressure more than oral anti-hypertension drug alone. Notably, no serious adverse reaction was reported in the ten randomized controlled clinical trials they calculated in the met analysis [21, 28, 43, 66, 104] . Among these studies, berberine 0.9-1.2 g/day was used. Meanwhile, 1.2 g/day berberine was also used to treat stroke induced by acute macro artery atherosclerosis combined with atorvastatin calcium treatment [49] . Another clinical trial on 86 diabetes mellitus combined with cerebral stroke patients reported that 0.4 g/day berberine combined with 40 mg/day atorvastatin and insulin treatment could improve patients' symptoms and reduce blood glucose, improve blood lipid disorder, and reduce the injury of nerve function [62] . Fig. 1 The potential targets and mechanisms of berberine in the treatment of cardiovascular disease. a The potential targets and mechanisms of berberine in the treatment of atherosclerosis, heart failure, and hypertension. b The potential targets and mechanisms of berberine in the treatment of myocardial ischemia reperfusion injury, stroke, and arrythmias Furthermore, understanding the safety of berberine was also really necessary due to the higher dose and long course of berberine application in chronic diseases. It has been reported that a shortage of glucose 6 phosphate dehydrogenase (G6PD) could be caused after a pregnant woman or a newborn baby takes BBR, which may lead to hemolytic jaundice of the newborn baby [86] . Another study reported that the administrated method was a significant factor affecting the acute toxicity of berberine, they reported that intragastric administration caused no LD50 [38] . Moreover, in the sub-chronic toxicity study, no mortality and morbidity were observed which could be related toberberine [7, 58, 87] . These above studies proved that orally administration of berberine is relatively safe. All the clinical and experimental studies indicate the efficiency and safety of berberine on the treatment of cardiovascular disease and diabetes under recommended dosage. However, the application of berberine in pregnant patient and newborn baby may not be recommended. Several limitations still existed in the evaluation of efficiency and safety of berberine. Well-designed, large-scale multicenter random clinical trials are needed, and long-term outcomes are also needed to be evaluated, especially the safety profile and the effects on organ damages.
Conclusion
The multiple pharmacological actions of berberine support its numerous potential clinical applications for cardiovascular disease. We have reviewed the beneficial effects of berberine on cardiovascular disease (Fig. 1a, b) . Many clinical and preclinical studies have been conducted, including studies on atherosclerosis, hypertension, heart failure, ischemia reperfusion heart disease, stroke, and arrhythmias. However, further analyses of the mechanisms of berberine are needed for its proper application in clinical settings.
